In ectomycorrhizae, the relative abilities of mycobiont and host plant to take up and store inorganic nutrients are not easily determined due to the intimate physical relationship of the two components forming the association. Since [Bong.j Carr.) seedlings.
seedlings.
Mycorrhizas significantly increased 8'Rb uptake rates while decreasing the amount of MRb released to the external solution. Using compartmental analysis, the flux data suggest that the primary mycorrhizal effects were to increase inward potassium fluxes across the fungal tonoplast and to decrease potassium efflux across the fungal tonoplast, as compared with nonmycorrhizal seedling roots. The result was greater potassium storage, presumably in the fungal vacuole. The three coniferous species responded differently to fungal infection with respect to potassium fluxes. Both cytoplasmic and vacuolar fluxes for mycorrhizal hemlock were 2-fold greater than for spruce and 3-fold greater than for Douglas fir. These results demonstrate the usefulness of compartmental analysis for study of ion fluxes in intact mycorrhizal root systems and suggest that the fungal tonoplast may be the site for regulation of potassium fluxes in these coniferous roots.
Ectomycorrhizae increase uptake of many nutrients by plant roots (5, 7, 8, 16, 19) . Harley and colleagues (6, 7) extensively studied P uptake by excised beech mycorrhizae and P storage in the fungus and its subsequent transfer to the host. Substantial storage of 32p occurred in the fungal sheath and only 10% of the absorbed P was transferred to the host core as inorganic P. These early pioneering studies relied on physical separation of fungus and host. Due to the intimate anatomical arrangement of plant root and mycobiont tissues in ectomycorrhizae, the Hartig net could not be physically separated and was not included in the fungal portion. Estimates of fungal storage and transfer rates thus may have been underestimated. For Average seedling dry weight was 1.0 + 0.09 SE g.seedling-' and the average R/S3 was 1.2 ± 0.1 SE (Table I) . Mycorrhizal seedlings of all three species had higher R/S values. The presence of the fungus increased the R/S for Douglas fir by 8%, spruce by 14%, and hemlock by 27%. Mycorrhizal and nonmycorrhizal Douglas fir seedlings had similar root and shoot dry weights; mycorrhizae increased spruce seedling dry weights and decreased hemlock seedling dry weights. Approximately 60 to 75% of the hemlock seedling root tips were mycorrhizal, while spruce and Douglas fir roots were only about 30 to 50% mycorrhizal.
Pure cultures of H. crustuliniforme were prepared by inoculating liquid MMN medium (14) , with 25 5-mm diameter agar plugs from plates on which the fungus was originally grown. The fungus was grown in liquid culture for 2 weeks at 20°C on a rotary shaker. Agar plugs of MMN medium without fungus were treated similarly and served as controls.
Pretreatment and Labeling. During a 24-h pretreatment period, mycorrhizal and nonmycorrhizal seedlings of each species Compartmental Analysis. A nonlinear regression method for determining the initial isotopic content and isotopic exchange rate constants for three cellular compartments was used. The method is described in the preceding article ( 17 activity of the external solution during isotopic uptake, and t is the length of time tissue was exposed to the radioisotopic loading solution. The main assumptions for compartmental analysis have been described previously (15, 23) (4, 20) .
RESULTS AND DISCUSSION Rubidium Uptake and Distribution. The Rb+ uptake rate for the fungus alone was 11 times greater than the average rate for all nonmycorrhizal seedlings (Table II) , suggesting that a small amount of fungal biomass in mycorrhizal roots could have a large effect on nutrient uptake rates. Analysis of covariance showed that root, shoot, or total dry weight and R/S ratio did not significantly affect uptake rates for each species (data not shown). Differences in uptake rates were attributable to the presence of mycorrhizae and to the tree species since these two treatments were significant (P < 0.05) Rubidium uptake rates were significantly greater for mycorrhizal than for nonmycorrhizal seedlings. These increases were 1.9, 3.0, and 3.2 times greater for mycorrhizal Douglas fir, Sitka spruce, and western hemlock, respectively. Greater uptake rates for hemlock and spruce relative to Douglas fir may be due in part to the higher percentage of mycorrhizal root tips which we observed. Douglas fir also had a higher percentage of suberized, woody roots, which would reduce the uptake rates (dry weight basis). Among nonmycorrhizal seedlings, hemlock had a significantly greater uptake rate than spruce; Douglas fir rate was Half-Time. Using the three-exponential equation, half-times and apparent initial isotopic contents of three cellular compartments were estimated. For nonmycorrhizal roots of all three coniferous species, these three compartments were assumed to be the root CW+FS, cytoplasm and vacuole. For mycorrhizal roots, these three compartments were assumed to be the average of the root and fungal CW+FS, cytoplasm and vacuole. Three phases with markedly different half-times were easily discernible from the elution data (Table III) . The compartment with the shortest half-time was designated at the CW+FS. The two compartments with longer half-times were probably symplastic in nature, representing the cytoplasm and vacuole.
Mycorrhizal roots had lower Rb+ effiux to the external solution as indicated by longer half-times, larger A values, and vacuolar pool sizes for all three compartments. The mean half-time was increased substantially by the presence of mycorrhizae, particularly for the vacuolar compartment where mycorrhizae increased the average half-time 300% (Fig. 1) . This effect was probably due to the presence of the additional fungal vacuolar compartment, rather than to the influence of the fungus on root vacuolar compartment. Since the presence of the fungus in mycorrhizal roots increased half-times when compared with nonmycorrhizal roots, one might expect that half-times for the fungus alone would be even longer than those of mycorrhizal seedlings. Halftimes for the fungus alone confirmed this prediction for both the cytoplasmic and vacuolar compartments.
Initial Isotopic Content. Apparently one-half of the 86Rb content ofthe roots for both seedling types was located in the vacuole (Table III) . The cytoplasm and CW+FS each contained about one-quarter of the total. Distribution in the fungus was very different. The slowest releasing compartment of the fungus contained over 85% of the total isotope with the remainder found in two faster releasing compartments, presumably the CW+FS (9%) and the cytoplasm (5%). The ability of the fungus to store more Rb+ also was demonstrated by the fact that mycorrhizae increased the initial apparent isotopic contents for all three compartments, particularly in the vacuole.
Species Effects on Half-Lives. For nonmycorrhizal seedilngs, there were no species effects for any compartment. Half-times for Rb+ efflux were significantly increased by mycorrhizae for most compartments for all species (Fig. 1) . The mycorrhizal effect was least for the CW+FS compartment and somewhat greater for the cytoplasmic compartment. The most substantial mycorrhizal effect was to increase the average half-times of the vacuolar compartment by 190, 320, and 396% for Douglas fir, western hemlock, and Sitka spruce, respectively (Fig. 1) .
For mycorrhizal seedlings, half-times for the three species were significantly different for CW+FS and cytoplasmic compartments. For hemlock, half-times of the CW+FS and cytoplasm generally were longer than the corresponding half-times for either Douglas fir or spruce. There were no significant differences in vacuolar half-times for the three species when mycorrhizal. These data suggest that there were no species effects on half-times. Mycorrhizae had a greater effect on CW+FS and cytoplasmic half-times for hemlock than for Douglas fir or spruce, perhaps due to the greater percentage of mycorrhizal root tips for hemlock.
Species Effects on Initial Isotopic Contents. As was seen for the half-life data, mycorrhizae increased Rb+ isotopic contents for all compartments and all species (Fig. 2) . The Figure 1 . did affect initial isotopic contents (Fig. 2) . In both vacuolar and cytoplasmic compartments, Rb+ contents were greatest for hemlock, followed by spruce, and then Douglas fir. In the CW+FS, hemlock again had a significantly greater Rb+ content than the other two species, whose values were similar. The fungal association had a much greater effect on hemlock than on Douglas fir, presumably related to the greater degree of infection in hemlock roots.
Compartmental Analysis. Using compartmental analysis, the membrane fluxes (I) and cytoplasmic pool size (Q') for the coniferous seedling roots were estimated (Table IV) . In general, there was a net K+ uptake by mycorrhizal roots and net K+ release by nonmycorrhizal roots. Specifically, mycorrhizal hemlock and spruce seedling roots took up K+ while their nonmycorrhizal counterparts released K+. Nonmycorrhizal Douglas fir released K+ at more rapid rates than did mycorrhizal Douglas fir roots, which had a very low efflux (Table IV) . Thus, mycorrhizae either took up K+ or reduced K+ effluxes to very low levels.
We recognize that K+ release by intact seedling roots must be a short-term phenomenon since plants are K+ accumulators. However, there is evidence that K+ fluxes are variable and can change from uptake to loss depending on external and internal conditions. Harley and Wilson (7) Table  IV ) and are standardized for one unit of K+ storage in the mycorrhizal root.
An examination of the individual fluxes across the plasmalemma and tonoplast of the coniferous roots shows that mycorrhizal roots have much lower fluxes from the vacuole to the cytoplasm, 0,. Thus, storage of K+ is enhanced, while in nonmycorrhizal roots, it is removed from the vacuole and transferred through the cytoplasm to the external solution.
The vacuolar pool sizes were about 2 to 5 times larger than the cytoplasmic pool sizes (Table IV) . In comparison, vacuolar pools in beet tissue were about 10 times larger than cytoplasmic pools (15) . Mycorrhizal cytoplasmic and vacuolar pools were generally larger than nonmycorrhizal ones, again illustrating the greater storage capacity in the vacuoles of mycorrhizal roots.
Short-Term Uptake Experiment. Using data from a shortterm, 60-min uptake experiment, an independent verification of the uptake rate was made for nonmycorrhizal Douglas fir seedlings. The influx across the plasmalemma calculated by compartmental analysis (4,,) was 3.92 ± 0.96 ,umol K.gdw-'.h-' (Table IV) , compared with a value of 2.99 ± 0.12 Mmol K+. gdw-'-h-' measured in the short-term experiment. The mean K flux for the short-term uptake was within 25% of the calculated value and not significantly different (P > 0.05, paired t test). We recognize that a 60-min uptake would not be short-term for many plant species with shorter cytoplasmic half-times. However, these coniferous roots have longer cytoplasmic half-times and require the use of longer uptake periods in order to load sufficient isotope into the tissue. Conifer roots must be carefully desorbed after uptake, since in our 60-min uptake period as much as 70% of the isotope CW+FS could be desorbed. Uptake rates were corrected for this component using data from a parallel experiment at 2°C.
With a cytoplasmic half-time of about 20 min for these coniferous roots, approximately 87% ofthe cytoplasmic compartment would be filled after 60 min, while only about 10% of the vacuolar compartment would be filled (vacuolar half-time of about 400 min). There would be some transport to the vacuole during a 60-min uptake, but its contribution to total uptake would be modest. We feel that the use of a 60-min time period is justified and we wish to emphasize the importance of using somewhat longer uptake periods when working with roots with longer cytoplasmic half-times.
Species Comparisons. The coniferous seedlings acted similarly when nonmycorrhizal, but differently when mycorrhizal with respect to uptake rates. Western hemlock, which was most affected by mycorrhizae, also had a greater percentage of mycorrhizal root tips per plant than spruce or Douglas fir. Schoenberger and Perry (18) calculated the mean total number of root tips per unit dry weight of roots for Douglas fir and hemlock. The easily discernible, visually finer root structure -of hemlock was accompanied by a greater number of root tips-4.2 tips-mg dry weightr' for hemlock compared to 1.4 tips.-mg dry weight for Douglas fir (18) . The lower K+ uptake rates for Douglas fir may also be due to a greater proportion of larger, woody suberized roots as well as to a lower percentage of mycorrhizal root tips. Effects of tree species are undoubtedly due to several factors which include differences in root morphology, changes in R/S with mycorrhizal infection, degree of mycorrhizal formation, and root surface area per unit dry weight of roots.
Model of Ectomycorrhizal Roots. Early botanical work with compartmental analysis was based on the unicellular organism Nitellopsis obtusa (13) . Later the technique was applied to more complex tissues, such as storage tissue of carrot and beet (2, 15) . The complex root structures of coniferous seedlings, particularly mycorrhizal ones, certainly present a more intricate arrangement ofcells or organelles. Nevertheless, the three-compartment model described our elution data well. In addition, this technique offers the opportunity to estimate ion fluxes in intact mycorrhizal root systems.
A model of K+ fluxes in a generalized ectomycorrhizal root is diagrammed as two in-series systems-fungal and plant root (Fig. 3) . These fluxes are mean values for all three coniferous species and were derived from the flux data in Table IV (8) have suggested that K+ is stored in the fungal vacuole of excised beech mycorrhizae. Using electron probe microanalysis, elevated levels of other nutrients (Ca and P) have been found in dark-staining granules in fungal vacuoles of ectomycorrhizal Douglas fir roots and in other mycorrhizae (21, 22) . These results support our observation that the slowest releasing compartment may be vacuolar in nature and may store K+ for subsequent release to the root.
The only likely point for nutrient transfer from fungus to root is in the CW+FS, where the apoplastic systems of both fungus and host root meet. Nutrients may leave the fungal apoplastic system within the Hartig net and enter the host symplasm at any point along the pathway from the cortex to the endodermis. The exact proportion of nutrients passing from the external solution directly into the host system is probably dependent on the thickness of the fungal mantle. In summary, mycorrhizae appear to enhance K+ uptake and storage in roots by increasing the vacuolar pool sizes, increasing influx rates and decreasing efflux rates. These effects were particularly evident for western hemlock seedlings. This paper has also demonstrated the usefulness of compartmental analysis in understanding ion fluxes in intact coniferous mycorrhizal roots.
